Trypanosoma cruzi is the protozoan agent that causes Chagas' disease, a major health problem in Latin America. Better drugs are needed to treat infected individuals. The sterol biosynthesis pathway is a potentially excellent target for drug therapy against T. cruzi. In this study, we investigated the antitrypanosomal activities of a series of compounds designed to inhibit a key enzyme in sterol biosynthesis, oxidosqualene cyclase. This enzyme converts 2,3-oxidosqualene to the tetracyclic product, lanosterol. The lead compound, N-(4E,8E)-5,9, 13-trimethyl-4,8, 12-tetradecatrien-1-ylpyridinium, is an electron-poor aromatic mimic of a monocyclized transition state or high-energy intermediate formed from oxidosqualene. This compound and 27 related compounds were tested against mammalian-stage T. cruzi, and 12 inhibited growth by 50% at concentrations below 25 nM. The lead compound was shown to cause an accumulation of oxidosqualene and decreased production of lanosterol and ergosterol, consistent with specific inhibition of the oxidosqualene cyclase. The data demonstrate potent anti-T. cruzi activity associated with inhibition of oxidosqualene cyclase.
Trypanosoma cruzi is transmitted to humans by a bite from the insect vector (triatomines), by blood transfusion, or by transmission from mother to fetus. An estimated 16 to 18 million people in South and Central America (30) and 50,000 to 100,000 people in the United States (16) are infected with T. cruzi. The chronic phase typically occurs 10 to 20 years after contracting the parasite and affects 10 to 30% of those infected. Cardiac and gastrointestinal pathology are the most common manifestations of chronic disease. Recent clinical evidence showed that aggressive antiparasitic therapy (using benznidazole) had a beneficial effect on cardiomyopathic progression (28) , suggesting an important role for etiologic treatment in the management of patients infected with T. cruzi. Unfortunately, the two compounds which have served as the principal antiparasitic drugs for Chagas' disease, benznidazole and nifurtimox, are highly toxic and fail to cure most patients with chronic disease (8) . Better drugs are urgently needed to treat patients with Chagas' disease.
Sterol biosynthesis is a proven target for antimicrobial chemotherapy. For example, most effective antifungal agents act on sterol biosynthesis enzymes or their products. Some of these drugs, including azole antifungals, have been shown to have potent effects against T. cruzi (4, 9-11, 19, 23, 25) . Itraconazole has entered the clinical arena for treating patients with Chagas' disease, showing parasitologic cure rates of 53% (3) . The azole drugs (itraconazole, ketoconazole, etc.) target the lanosterol C14-demethylase enzyme in the ergosterol biosynthesis pathway ( Fig. 1) . Azole drugs cause the accumulation of 14␣-methylsterols and decreased production of ergosterol (25) .
The allylamine antifungal drug terbinafine inhibits squalene epoxidase in the sterol biosynthesis pathway (Fig. 1 ). Terbinafine was shown to be synergistic with ketoconazole against cultures of T. cruzi (17, 24) . The polyene antifungal drug amphotericin B works by directly associating with ergosterol to disrupt the integrity of the cell membrane. Amphotericin B and its liposomal preparations have potent anti-T. cruzi activities (14, 31) .
The synthesis of lanosterol is an essential step in the production of mature sterols. In yeast and higher eukaryotes (including humans), oxidosqualene cyclase (OSC) directly catalyzes the synthesis of lanosterol from 2,3-oxidosqualene (Fig.  2 ). This is a remarkably complex cyclization-rearrangement reaction involving the formation of a total of six new carboncarbon bonds by a single enzyme (2) . Inhibitors of OSC are under investigation as potential antifungal drugs (12) and cholesterol-lowering drugs (1, 6) . One series of OSC inhibitors was designed as electron-poor aromatic mimics of a monocyclized transition state or high-energy intermediate formed from oxidosqualene (21) . In this paper, we report that these compounds have potent activities against T. cruzi and inhibit sterol biosynthesis in these organisms.
MATERIALS AND METHODS
Test compounds. Benznidazole (Rochagan; Roche Pharmaceuticals, Rio de Janeiro, Brazil) was extracted from tablets with methanol-CHCl 3 (1:1) and further purified via flash silica gel chromatography. OSC inhibitor no. 1 (N-[4E, 8E]-5,9, 13-trimethyl-4,8, 12-tetradecatrien-1-ylpyridinium) and no. 2 to 9 were synthesized as previously reported (21) . The synthesis methods of other compounds are available from J. Griffin. The structures of selected compounds are shown in Fig. 3 . All compounds were dissolved in dimethyl sulfoxide. The final concentration of dimethyl sulfoxide did not exceed 0.2%, a concentration which did not alter cell growth.
Parasites and culture procedures. The Tulahuen strain of T. cruzi (22) that expresses the Escherichia coli ␤-galactosidase gene was described previously (5) . Peru and Sonya strains of T. cruzi (20) were kindly provided by S. Croft (London School of Hygiene and Tropical Medicine, London, United Kingdom). The VL2067 strain (from Minas Gerais, Brazil) was kindly provided by J. Peralta (Federal University, Rio de Janeiro, Brazil). Epimastigotes were grown in liver infusion tryptone broth with 10% fetal bovine serum, penicillin, and streptomycin as previously described (27) . Amastigotes were grown at 37°C in monolayers of murine 3T3 fibroblasts in RPMI 1640 (Biowhittaker Inc., Walkersville, Md.) with 10% fetal bovine serum, penicillin, streptomycin, and glutamine as previously described (27) .
Transfection and cloning of parasites. In order to perform drug screening assays using a colorimetric method (5), we transfected the Peru, Sonya, and VL2067 strains with the E. coli lacZ gene. The plasmid (pBS:CL-Neo-01-BCLacZ-10) was first linearized for integrative transformation, and 5 g of DNA was electroporated into epimastigotes as previously described (7) . Transfectants were selected by growth in G418 (Gibco BRL, Rockville, Md.) at 500 g/ml. The drug-resistant population of epimastigotes was cloned by limiting dilution. Clones were tested for the ability to catalyze the colorimetric reaction with the substrate, chlorophenolred-␤-D-galactopyranoside (CPRG; Boehringer-Mannheim, Indianapolis, Ind.) (5) . The clones were transformed into mammalianstage parasites by inoculation of the culture onto monolayers of 3T3 fibroblasts at 37°C. After approximately one week, intracellular amastigotes were visible microscopically, and shortly thereafter the host cells spontaneously lysed and released trypomastigotes. These trypomastigotes were used to infect subsequent monolayers of fibroblasts. ␤-Galactosidase expressing T. cruzi clones that were observed to have essentially the same growth rate in fibroblasts as untransfected parasites were used for subsequent experiments.
Growth inhibition assay of mammalian stages of T. cruzi. Drug screening against ␤-galactosidase expressing strains of T. cruzi was performed as described previously (5) . The assays were performed in 96-well tissue culture plates (Costar, Cambridge, Mass.). 3T3 fibroblasts were inoculated at 10 3 /well using RPMI 1640 without phenol red (Biowhittaker Inc.) plus 10% fetal bovine serum and glutamine. The next day, the plates were seeded with 3T3-derived trypomastigotes at 10 4 /well. After 4 h, drugs were added in serial dilutions to give a final volume of 200 l/well. The plates were incubated at 37°C in 5% CO 2 atmosphere for 7 days. At this time, CPRG (100 M final) and Nonidet P-40 (0.1% final) (Sigma Chemical Co., St. Louis, Mo.) were added and the plates were incubated at 37°C for approximately 4 h. Wells with ␤-galactosidase activity turned the media from yellow to red, and this was quantified on an enzymelinked immunosorbent assay reader at A 570 . To learn whether drugs inhibited the growth of mammalian host cells, control wells containing 3T3 fibroblasts and drug were incubated for 3 days and then developed with AlamarBlue (Alamar Biosciences Inc., Sacramento, Calif.) (5) .
Analysis of sterol products. T. cruzi epimastigotes (1 ϫ 10 7 in 1 ml of culture medium) were incubated for 24 h with 100 Ci of RS [5- 3 H]mevalonolactone (American Radiolabel Chemicals, St. Louis, Mo.) with or without inhibitors. The cells were centrifuged and washed once in phosphate-buffered saline. The pellets were resuspended in 1 ml of chloroform-methanol (2:1) and agitated for 3 h at room temperature. The sample was reduced to approximately 50 l under a stream of N 2 gas. The remaining solution was extracted twice with petroleum ether (1 ml per extraction), and the sample was dried down under N 2 gas in glass vials. The sample was then resuspended in 50 l of chloroform-methanol and spotted on silica gel thin-layer chromatography (TLC) plates. The plates were developed with toluene-dethyl ether (9:1), dried, sprayed with EN 3 HANCE (NEN, Boston, Mass.), and subjected to autoradiography. The standard, 2,3,22,23-dioxidosqualene, was kindly provided by S. Matsuda (Rice University, Houston, Tex.). This compound was visualized on the TLC plate with iodine vapor.
Statistical analyses. Effective concentrations causing 50% growth inhibition (EC 50 ) were calculated by nonlinear regression analysis using the statistical software program Prism (GraphPad Software Inc., San Diego, Calif.).
RESULTS

Anti-T. cruzi activities of inhibitors.
Twenty-eight new compounds, ketoconazole, and benznidazole were tested against mammalian stages (amastigotes and trypomastigotes) of T. cruzi grown in coculture with murine 3T3 fibroblasts. All compounds were tested against the Tulahuen strain, and selected compounds were tested against mammalian-stage parasites of the Sonya, Peru, and VL2067 strains (Table 1.) Twelve compounds had EC 50 s of Յ25 nM against the Tulahuen strain (compounds no. 1, 2, 3, 4, 5, 13, 16, 17, 18, 20, 25, and 55). By comparison, the EC 50 for benznidazole against Tulahuen T. cruzi was 300 nM. (Benznidazole kills T. cruzi by a mechanism other than affecting sterol biosynthesis.) The sterol biosynthesis inhibitor ketoconazole was about 10-fold more potent against T. cruzi than the best OSC inhibitors that were tested. There was a general correlation between the observed EC 50 values and toxicity towards murine 3T3 fibroblasts; however, the concentration of OSC inhibitors that was toxic to fibroblasts was generally more than 100 times the concentration that inhibited the mammalian-stage parasites. The epimastigote forms of Tulahuen T. cruzi were found to be relatively resistant to sterol biosynthesis inhibitors, with EC 50 values (after 5 days in culture) of 2 M for OSC inhibitor no. 1 and 1 M for ketoconazole, respectively (data not shown). When free T. cruzi trypomastigotes were suspended in RPMI plus 10% fetal bovine serum at 37°C in the presence of compound no. 1, the slender shape of the parasites changed to rounded morphologies after 4 to 6 h and by 24 h, most of the cells had disintegrated. In contrast, trypomastigotes treated with ketoconazole were normal appearing for the first 24 h and slowly died after 3 to 4 days. Analysis of sterol products. In order to determine whether the test compounds inhibited the target enzyme in T. cruzi, OSC, we analyzed the endogenous sterols of parasites grown with or without drug. The analysis depended on the incorporation of the radiolabeled substrate, [ 3 H]mevalonolactone, into the sterols of live cells. It was necessary to analyze freegrowing epimastigotes since the substrate is utilized by the mammalian host cells in which the mammalian-stage parasites grow. After 24 h, growth of the parasites as compared with the untreated control was as follows: OSC inhibitor no. 1 (5 M), 47%; ketoconazole (25 M), 80%. TLC analysis shows that OSC inhibitor no. 1 led to the accumulation of oxidosqualene and a dramatic reduction in lanosterol and ergosterol when compared to untreated epimastigotes (Fig. 4) . In addition, a new product appeared between the oxidosqualene spot and the lanosterol spot. This product is superimposed on standard dioxidosqualene when cospotted on the same plate, indicating its probable identity as 2,3,22,23-dioxidosqualene (R f ϭ .28). Epimastigotes treated with ketoconazole (which blocks lanosterol C14-demethylase) led to accumulation of product comigrating with lanosterol and a complete depletion of ergosterol.
Synergy studies with OSC inhibitor and ketoconazole. Growth inhibition assays with various concentrations of OSC inhibitor no. 1 and ketoconazole or terbinafine (checkerboard setup) were performed with mammalian-stage Tulahuen T. cruzi. Since these compounds act on separate enzymes in sterol biosynthesis, it was hypothesized they might act synergistically against cultured parasites. The results show that the drugs had additive but not synergistic effects on the parasites (Fig. 5) .
DISCUSSION
A series of 28 compounds designed to inhibit oxidosqualene cyclases (21) were tested for in vitro activity against four strains of T. cruzi (Tulahuen, Sonya, Peru, and VL2067). Twelve of these compounds had an EC 50 of Յ25 nM against the mammalian stages of the parasites, which is more than 10-fold more potent in vitro than the established antitrypanosomal drug, benznidazole. The most potent oxidosqualene mimics were approximately 10-fold less potent than the azole drug, ketoconazole ( Table 1) . Most of the compounds demonstrated selective activity against parasites over mammalian host cells; e.g., compound no. 1 was toxic to the parasites at a concentration Ͼ100 times lower than the concentration at which it inhibited 3T3 fibroblasts ( Table 1 ). The greater sensitivity of parasite cells suggests either greater inhibition of the parasite enzyme than the mammalian enzyme or greater susceptibility of T. cruzi to the consequences of OSC inhibition. The drugs were active against four diverse strains of T. cruzi, indicating the effectiveness was not strain specific.
Compound no. 1 contains a pyridinium ion with an alkyl side chain resembling squalene. This structure mimics a monocyclized cationic intermediate or transition state formed in the cyclization of oxidosqualene to lanosterol (Fig. 3) (21) . Compounds containing a pyridinium ion were typically potent against the live parasites. Similarly, the isoquinoline derivatives (no. 24 and 25) and the thioether derivatives (no. 11 to 13) had excellent activity. Structures with aromatic rings with keto groups (e.g., no. 14 and 15) were considerably less potent, as were compounds with additional nitrogen atoms in the aro- matic ring (no. 40 to 42). The length of the alkyl side chain was also important for potency against the live parasites. For example, compound no. 6 with a 6-carbon side chain was about 1/1,000 as potent as the comparable structure (no. 9) with a 16-carbon side chain. Also, compound no. 29 (isoquinoline with a one-carbon side group) had very little activity compared to other isoquinoline derivatives (no. 23 to 25) with longer side chains. These observations fit with the hypothesis that these compounds mimic oxidosqualene and block the activity of OSC in live T. cruzi.
Further support for the target of action of the compounds was provided by the analysis of sterols produced in live epimastigotes. The analysis demonstrated that compound no. 1 inhibited the production of lanosterol and further downstream sterols, as would be predicted if OSC was blocked. In addition, there was an accumulation of the substrate oxidosqualene as well as a new product that migrated with an R f value similar to that of 2,3,22,23-dioxidosqualene. This metabolite has been shown to accumulate when OSC activity is inhibited (12, 15) . This metabolite probably is formed by the action of squalene epoxidase on the accumulating 2,3-oxidosqualene. It was not possible to test the effects of OSC inhibitors on growing mammalian-stage parasites because the radiolabeled substrate gets incorporated into the host cells, complicating the analysis. However, since sterol biosynthesis occurs in mammalian-stage T. cruzi (18) , it seems probable that the test compounds inhibit OSC in the mammalian stage as well. The greater sensitivity of the mammalian-stage than insect-stage (epimastigote) parasites was a consistent finding for three different classes of drugs tested (OSC inhibitors, ketoconazole, and benznidazole) and may reflect their decreased ability to penetrate epimastigotes.
Epimastigotes treated with OSC inhibitor no. 1 had less growth (47% of control) than did parasites treated with ketoconazole (80% of control) at 24 h even though ergosterol synthesis was more completely inhibited by ketoconazole (see Fig. 4 ). This suggests the possibility that the cause of parasite cell death with the OSC inhibitors may not be due solely to ergosterol depletion but rather may include another mechanism, such as the accumulation of a toxic byproduct (e.g., 2,3,22,23-dioxidosqualene) or concomitant membrane disruption. Membrane effects are supported by the observation that trypomastigotes cultured in the presence of OSC inhibitor developed altered morphology and died more rapidly than did trypomastigotes cultured with ketoconazole.
Experiments to detect synergy between OSC inhibitor no. 1 and ketoconazole or terbinafine were done because other drugs acting in combination on sterol biosynthesis have been shown to synergistically inhibit growth of trypanosomatid parasites (26, 13) . The lack of synergy between OSC inhibitor no. 1 and ketoconazole or terbinafine (Fig. 5 ) raises interesting questions. In yeast there is evidence that azole drugs act, at least in part, by causing the accumulation of abnormal sterols that disrupt cell membrane integrity (29) . It is possible that the action of OSC inhibitor to deplete lanosterol (the substrate of ketoconazole) may lead to reduced accumulation of the abnormal sterols that mediate the effects of ketoconazole. Thus the OSC inhibitor might partly undermine the mechanism of action of azoles. Similarly, terbinafine did not act synergistically with OSC inhibitor no. 1. If the OSC inhibitor's antiparasitic effects occur by the generation of a toxic byproduct, then one would predict that a compound acting upstream in the pathway (i.e., terbinafine) would reduce the substrate which gets converted into the toxic byproduct and thus detract from the activity of the OSC inhibitor. The fact that the action of the OSC inhibitors and the other sterol biosynthesis inhibitors was additive (and not antagonistic) allows for the possibility to use such compounds in combination. It also remains possible that even though the study compounds were shown to inhibit oxidosqualene cyclase in T. cruzi, the compounds might also act on the parasites by another unknown mode of action.
In summary, this paper describes potent in vitro activities of a series of oxidosqualene cyclase inhibitors against four strains of T. cruzi. The findings further validate sterol biosynthesis as a target for anti-T. cruzi chemotherapy (23) . Additional studies will determine the effectiveness of these compounds in animal models of Chagas' disease. This paper also reports the creation of three new strains of T. cruzi (in addition to the Tulahuen strain previously reported) that carry the recombinant gene for expression of ␤-galactosidase.
